We propose an explanation to the Pioneer Anomaly, the anomalous blueshift in the radio signals from the Pioneer 10/11 spacecrafts that remains unexplained 30 years after being discovered by a NASA team around 1975. It was detected as a Doppler shift that does not correspond to any known motion of the ships. In 1998, after many unsuccessful efforts to account for it, the discoverers suggested "the possibility that the origin of the anomalous signal is new physics". We show here that the phenomenon has the same observational footprint as an acceleration of the atomic clocks time with respect to the astronomical time. Surprisingly, this curious new idea turns out to be compatible with current physics; lacking a unified theory of quantum physics and gravitation, we cannot discard it a priori. We expound a mechanism that produces such an acceleration as a result of the coupling of the background gravitation and the quantum vacuum. This suggests a solution to the riddle, in which the velocity of a receding ship, as deduced from the Doppler effect, is smaller that the value predicted by the standard theory of gravitation. We conclude that the Pioneer Anomaly is probably the signature of the difference between the marches of the astronomical clock of the orbit and the atomic clock inside the ship.
The Anomaly
Anderson et al. reported in 1998 a curious an anomalous effect [1, 2] . It consists in an adiabatic frequency blue drift of the two-way radio signals from the Pioneer 10/11 (launched in 1972 and 1973) , manifest in a residual Doppler shift which increases linearly with time aṡ
where t 0 is the launch time, a t = (1.27 ± 0.19)H 0 and H 0 is the Hubble constant (overdot means time derivative). More than 30 years afterwards, the phenomenon is still unexplained: It cannot be due to an anomalous constant acceleration towards the Sun, since this would conflict with the well known ephemeris of the planets and with the equivalence principle.
Anderson attempted a second interpretation: a t would be "a clock acceleration", expressing a kind of inhomogeneity of time. They imagined it in an intuitive and phenomenological way, without any theoretical foundation, saying that, in order to fit the trajectory, "we were motivated to try to think of any (purely phenomenological) 'time' distortions that might fortuitously fit the Pioneer results" (our emphasis, ref. 2, section XI). They obtain in this way the best fits to the trajectory (using the adjective "fascinating"). In one of them, which they call "Quadratic time augmentation model", they add to the TAI-ET (International Atomic Time-Ephemeris Time) transformation the following distortion of ET
This means to take a new time ET ′ that is a quadratic function of ET and which, therefore, accelerates with respect to ET. But they gave up the idea because of the lack of any theoretical foundation and contradictions with the determination process of the orbits.
A problem of dynamics of time
We start from the remark that the anomaly has the same observational signature as an acceleration of the atomic clocks time with respect to the astronomical time, as will be shown in the following. This might seem surprising since it is always assumed as a matter of fact that both times are the same. This is not necessarily true, however, since they are defined by means of clocks of different kinds that use different physical laws. The importance of this point must be stressed. The astronomical time, say t astr , is defined by the trajectories of the planets and other celestial bodies. It is measured with classical and gravitational clocks, the solar system for instance. On the other hand, the time of the atomic clocks, say t atomic , is founded on the oscillations of atomic systems. It is measured using quantum and electromagnetic systems as clocks, in particular the oscillations of atoms or masers. Note that, contrary to the concept of time, which is subtle and difficult, the idea of "clock" is clearly defined from the operational point of view. This is done by means of certain dynamical systems, the clocks, in such a way that the time measured by each clock is a dynamical variable, the angular position of a pointer for instance. The measured time could be different from one clock to the other since, at least in principle, they could tick at different rates, even at the same place and with the same velocity. Indeed, eq. (1) can be understood as a progressive decrease of the period of the radio signal, so that the basic unit of the atomic clocks time would be decreasing with respect to the astronomical time of the orbit.
It is clear that both times are at least very close but, since we lack a theory that embodies general relativity and quantum physics, the assumption that they are exactly the same t astr = t atomic must not be taken for granted. In the explanation proposed here, it turns out that a t = d 2 t atomic /dt it is the acceleration of the time of the quantum atomic clocks with respect to the astronomical time, which is determined by purely gravitational and classical phenomena. In such a way, the Pioneer becomes a two-clock system: the astronomical clock of the orbit and the atomic clock inside. The ideas expounded here follow from the confluence of two research lines, one on the Pioneer Anomaly itself [3, 4, 5] , the other on the dynamics of time [6, 7] .
Time and clocks
The problem of time is one of the most obscure and controversial in the history of knowledge, and has obvious implications in all the fields of thought. Sticking to physics, the problem is initially posed in the dynamical description of the systems (i. e. equations of motion). In this regard, the starting point is the a priori existence of a parameter t, called from now onwards "parametric time", which describes the Newtonian concept of time. It is a fundamental part of a structure of reality constituted by an inert background in which dynamics takes place, but which, paradoxically, lacks on its turn of a dynamic character.
It must be emphasized that the equations of physics do not contain magnitudes in themselves but rather their measurements. It is thus more in the scope of physics to speak about "clocks" or "clock-time" than about time. In more intuitive terms, the problem can be posed as a question on the dynamical character or not of the time variable (parametric and deparametrized theories).
In classical dynamics the physical time appears as a non-dynamical variable that allows the expression of the action integral with the form S = Ldt. As a consequence of this non-dynamical character, does not exist a canonical momentum conjugate to t. From the Hamiltonian
the equations of motion in the standard form areq = ∂H/∂p,ṗ = −∂H/∂q. To translate this formal machinery to a scheme in which time acquires the character of a dynamical variable, there exists a canonical approach which allows an interpretation in terms of "clock-time" with its specific dynamical variables [6, 8] . Instead of the deparametrized action S = [p dq −H(p, q)]dt, we can use the alternative form
(overdot means in the rest of this section derivation with respect to the parameter τ ) where H(p (τ ), q(τ )) has the same functional form as the Hamiltonian in (3), τ is a parameter introduced in such a way that the theory becomes invariant with respect to reparametrizations and σ(τ ), Π(τ ) are conjugate dynamical variables that describe the clock. Note that the momentum conjugate to u(τ ) weakly vanishes. The corresponding Hamiltonian writesĤ = u[Π + H(p, q)] + λΠ u . The stability of the weak condition Π u = 0 implies Π + H(p, q) = 0. Both are first-class constraints (i. e. symmetries). The transformations induced by Π u allow then to interpret u(τ ) as an arbitrary function which can be considered as non-dynamical. The extended Hamiltonian is then
being hence singular as far as it is proportional to the scalar constraint.
Simple algebra allows to verify that Π + H(p, q) is the reparametrization generator, as requested by the invariance properties of the action (4). The equations of motion are theṅ
From these equations it follows that dq dσ = ∂H ∂p ; dp dσ
The first two are the canonical equations of motion with σ as the time variable. The third one expresses what we call the "march" of the clock u with respect to the parameter τ . Fixing the gauge of the reparametrization by the condition σ = τ (i. e. u = 1), we recover the ordinary canonical formalism with τ playing the role of the Newtonian time. We see that in this approach σ is the time measured by an ideal clock, defined as one which can be made to run with the Newtonian time. This scheme gives a highly idealized version of dynamics. As a matter of fact, no criterion exists, other than an arbitrary choice, to fix the march of a real clock to that of parametric time, being this one essentially unobservable by its own definition. The situation has to be understood as the arbitrary definition of standard clock as one that verifies the relationship u = dσ 0 /dτ = 1, denoting the time of the standard clock as σ 0 . As long as the observations make use of only the standard clock, the scheme is nothing else than the Hamiltonian equations. This may not occur, however, if there is another clock with a different march. In the latter case, the motion equations are (7), but with σ 0 instead of τ dq dσ = ∂H ∂p ; dp dσ
which describe the physics of a system in operationally realistic terms. This means that they do not refer to any unobservable parametric time but to σ 0 and σ, which are times really observed by real clocks. The novelty is here the presence of the third equation (8), which is the dynamic equation of the second clock with respect to the standard one. It must be underscored that there is no criterion to determine the march u, other that to refer to the internal properties of the clock or the pure observation, particularly if they are based on different phenomena. Physics has accepted traditionally without any discussion the implicit "principle" that all kinds of clocks have the same march and measure the same time. However, if two clocks are based on different phenomena, they are not necessarily equivalent in the sense that the march dσ/dσ 0 may not be a constant (if it were, the two clocks would measure the same time with different units). In the following, we will use as standard clock-time the astronomical one t = t astr of gravitation theory, i. e. the Newtonian time with eventual post-Newtonian corrections.
The model
Taking a phenomenological viewpoint, let us consider the background gravitational potential that pervades the universe. The potential near Earth can be written approximately as Ψ E (r, t) = Ψ loc (r) + Ψ(t) (here Ψ = Φ/c 2 , Φ being the dimensional Newtonian potential). The first term Ψ loc is the part of the local inhomogeneities, as the Solar System, which are not expanding so that it is time independent. The second Ψ(t) is due to all the mass-energy in the universe assuming that it is uniformly distributed. Contrary to the first, it depends on time because of the expansion. The former has a nonvanishing gradient but is small, the latter is larger but its gradient vanishes. In the following Ψ(t) will be called the background potential of the entire universe. Since the gravity is weak and the geometry of the universe has approximately flat space sections, we take the Newtonian approximation.
Let us consider now the sea of virtual pairs in the quantum vacuum, with their charges and spins, assuming that its energy density is finite. On the average and phenomenologically, a virtual pair created with energy E lives during a time τ 0 = /E, according to the fourth Heisenberg relation. This has an important consequence: the optical density of empty space must depend on the gravitational field. Indeed, at a spacetime point with gravitational potential Ψ(r, t) , the pairs have an extra energy EΨ, so that their lifetime must be τ Ψ = /(E + EΨ) = τ 0 /(1 + Ψ).
The conclusion seems clear [3, 4] : the number density of pairs N depends on Ψ as N Ψ = N 0 /(1 + Ψ). If Ψ decreases, the quantum vacuum becomes denser, since the density of charges and spins becomes higher; if Ψ increases, it becomes thinner. Consequently, the gravity created by mass or energy thickens the quantum vacuum, while the gravity created by the cosmological constant or the dark energy attenuates it. This is important, since the quantum vacuum plays a decisive role to renormalize the naked or bare values of some quantities to their observed values, as is the case of the electron charge and the light speed. It must be stressed that this is not an ad hoc hypothesis, but a necessary consequence of the fourth Heisenberg relation. Note that the effect of the time independent Ψ loc is neglected here because the potential acts in this model through its time derivative.
We accept here the following phenomenological hypothesis: the quantum vacuum can be considered as a substratum, a transparent optical medium characterized by a relative permittivity ε r (Ψ) and a relative permeability µ r (Ψ), which are decreasing functions of Ψ(t). As Ψ(t) increases, the optical density of the medium decreases (since there are less charges and spins) and vice versa. Therefore, the permittivity and the permeability of empty space can be written as ε = ε r ε 0 and µ = µ r µ 0 , where the first factors express the effect of the gravitational potential, i. e., the thickening or thinning of empty space. We can write, at first order in the variation of Ψ(t),
where Ψ(t 0 ) is the reference potential at present time t 0 and β and γ are certain coefficients, necessarily positive since the quantum vacuum must be dielectric but paramagnetic (its effect on the magnetic field is due to the magnetic moments of the virtual pairs). Not surprisingly, it turns out that Ψ(t) varies adiabatically (because of the expansion), its time derivativeΨ 0 = Ψ(t 0 ) being now positive and very small, of the order of H 0 , as we will see later.
It is easy to show that if ε r and µ r decrease adiabatically as (9) (and the optical density of empty space, therefore), the frequency and the speed of an electromagnetic wave increase adiabatically aṡ ν/ν =ċ/c = −(ε/ε +μ/µ)/2 = ηΨ 0 ,
where η = (β + γ)/2. The proof is very simple [3, 5] : just write the Maxwell's equations with ε and µ decreasing adiabatically with time as in (9) to find that eq. (10) is satisfied at first order inΨ 0 . If ε, µ vary with time, the speed of light changes also. This is similar to what happens to light in a medium, say diamond, where speed is different from c because the quantum effects of the lattice add to those of empty space. In any case, the conclusion is that the attenuation of the quantum vacuum has the same qualitative signature as the Pioneer anomaly. We are ready now to give an explanation to the riddle. Eqs. (10) show that the frequencies of the electromagnetic waves are found to be increasing, if measured with the astronomical time t. However, if the time t atomic , defined through
is used instead, there is no anomaly, since both the frequency and the light speed are constant. It is clear that t atomic is the time of the atomic clocks, since the periods of the atomic oscillations, which are decreasing if measured with the astronomical time t (as shown by (10)), are obviously constant with respect to t atomic itself, in fact they are its basic units. The meaning of a t is neat also: it is the acceleration of the time of the atomic clocks with respect to the astronomical time (note that it would be zero without the quantum vacuum, since η = 0 then). It follows then from (11) and (1) that what Anderson et al. observed is the march of the atomic clock in the ship with respect to the astronomical clock of its orbit u = 1 + ηΨ 0 (t − t 0 ). After synchronizing the two so that they give the same time now, t 0 = t atomic, 0 = 0, eqs. (11) can be written as All this shows that the effect of the quantum vacuum would be to accelerate adiabatically the light and the frequencies if they are measured with the astronomical time t. However they are constant if measured with the atomic time t atomic . Synchronizing these two times and taking the international second as their common basic unit at present time, then dt = dt atomic at t 0 (ref. 5) . This means that we can keep the same symbol for the two derivatives dΨ/dt = dΨ/dt atomic =Ψ 0 at present time.
These arguments give a compelling explanation of the anomaly as an effect of the differences between these two times. Let us see why. The Pioneer is a clock that measures t, as calculated from its position (as is the basis of any astronomical time). If the ship follows the trajectory predicted by standard gravitation theory, its distance to the Sun is a well determined function R(t) which increases with t. However, the tracking of the trajectory is done with devices that are based on quantum physics and measure, therefore, the time t atomic , which accelerates with respect to t. Hence, if one measures only t atomic and assumes that both times are equal, the apparent position of the ship would be farther away from the Sun than predicted by standard gravitation theory. Indeed, the distance would be taken, erroneously, as R(t atomic ), which is larger than R(t) because t atomic > t. Otherwise stated, the ship would be lagging behind its apparent position.
Since in any time interval during the flight of the ship dt < dt atomic , the speed measured by means of the one way Doppler effect with devices sensible to the quantum time, say v atomic = dℓ/dt atomic , would be found to be smaller than the astronomical speed v astr = dℓ/dt. Indeed
However, in the case of a two-way signal
2 . This means that, if the Doppler redshift of the receding spaceship is measured with devices based on quantum physics, the result would be smaller than the value deduced from the function R(t). In other words, the ship would seem to recede from the Sun more slowly than expected. There would be an extra blueshift, since the failure to include the acceleration For this model to be right, it is necessary thatΨ 0 > 0, i.e. that the present value of the time derivative of the background potential be positive. It could be argued that this can be considered in fact a prediction of the model. Alternatively, a simple argument shows that Ψ(t) is increasing now. The potential Ψ can be taken to be the sum of two terms, one due to the matter, either ordinary and dark, and another to the cosmological constant or the dark energy. The first is negative and increases with time because the galaxies are separating; the second is positive and increase with the radius of the universe. Indeed their values are proportional to −1/S and +S 2 , respectively, where S is the scale factor. This can be further elaborated [5] with a simple model of Ψ, in whichΨ 0 is positive and of order H 0 .
Conclusions
The unexplained Pioneer anomaly can be understood as the adiabatic decrease of the periods of the atomic oscillations with respect to the astronomical time. It is an effect of the interaction between the background gravitational potential and the quantum vacuum and, therefore, a certain evidence of the interplay between gravitation and quantum physics. This would cause a positive acceleration of the quantum time of the atomic clocks with respect to the classical astronomical time t, a t = d 2 t atomic /dt 2 | 0 > 0. Indeed what Anderson et al. observed is the march of the atomic clock inside the Pioneer with respect to the astronomical time of the orbit u = dt atomic /dt = 1+ηΨ 0 (t−t 0 ), more precisely they measured its square 1 + 2ηΨ 0 (t − t 0 ) (compare with (1)). Although this is an unusual idea, it conflicts with no principle of physics. In fact, it could be rejected only by using a theory embracing gravitation and quantum physics, which does not exists thus far.
Since the Pioneer anomaly is a quantum effect which causes the light speed and the frequency to increase if defined and measured with the astronomical time, it is alien to general relativity. Notice that an atomic clock is the "natural clock" to define and measure the light speed, since its basic unit is the period of the corresponding electromagnetic wave, so that the speed and the frequencies are then necessarily constant. This means that c is still a fundamental constant if measured with atomic time.
It must be stressed that, if we accept that there are non-equivalent clocks that accelerate to one another, a new field of unexplored physics opens, which includes the very idea of universal dimensional constant, in particular.
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